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Abstract
Assuming that the recently observed Θ+ and Ξ−− are members of an anti-decuplet of SU(3),
decays to ground state baryons and mesons are calculated using an effective Lagrangian which
incorporates chiral and SU(3) symmetry. We consider the possible quantum number assignments
JΠ = 1
2
±
, 3
2
±
and calculate ratios of partial widths. The branching ratios of exotic cascades can be
used to discriminate between even and odd parity pentaquarks.
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1
The newly discovered Θ+(1540) [1, 2, 3, 4, 5, 6, 7] is the first known example of a
manifestly exotic hadron. More recently, the NA49 collaboration has seen an exotic Ξ−−
with a mass of approximately 1860 MeV as well as evidence for a Ξ0 with nearly the same
mass [8]. The Θ+ has baryon number B = 1 and strangeness S = 1 and is interpreted
as a (uudds¯) pentaquark while the Ξ−− has B = 1 and S = −2 and is interpreted as a
(ddssu¯) pentaquark. The bounds on the widths of the Θ+ and Ξ are quite small for strongly
decaying hadronic resonances. These hadrons provide a new arena in which to test and
improve our understanding of low energy QCD. Much current experimental and theoretical
effort is focused on understanding their properties.
The most pressing experimental problems are searching for the SU(3) partners of the
Θ+ and Ξ−− and determining the quantum numbers of these particles. While there is some
evidence that the Θ+ and Ξ−− are members of the 10 representation of SU(3), at the present
time there are no published experimental constraints on the spin and parity of these states.
Some proposals exist for measuring the parity of the Θ+ in polarized proton-proton collisions
[9, 10] and in photoproduction [11, 12]. In this letter, we use chiral perturbation theory to
analyze the decays P → BM , where P is a pentaquark in the 10 of SU(3), and B and
M are members of the ground state octet baryons and mesons, respectively. On general
grounds, two-body decay rates to ground state nucleons and Goldstone bosons scale as
p2L+1 (L > 0) ,
E2p (L = 0) ,
(1)
where E is the energy of the Goldstone boson and p = |p| is its momentum. (S-wave decays
scale as E2p rather than p because the Goldstone bosons are derivatively coupled.) This
information can be combined with SU(3) symmetry to make model-independent, parameter-
free predictions for ratios of partial widths which are sensitive to the partial wave of the
decay and can be used to constrain the possible quantum numbers of the pentaquarks.
Pentaquarks with JΠ = 1
2
−
decay via S-waves, JΠ = 1
2
+
, 3
2
+
states decay via P -waves,
JΠ = 3
2
−
, 5
2
−
via D waves, etc. Therefore, while it is impossible to distinguish 1
2
+
from
3
2
+
or 3
2
−
from 5
2
−
using these ratios, discrimination between even and odd parity states is
possible. Of course, it is possible to measure the partial wave from the angular distribution
of the meson in the decay. However, this requires knowledge of the polarization of either the
initial pentaquark or final state baryon as well as greater statistics to reconstruct an angular
distribution. We focus on the partial widths rather than angular distributions because they
may be more accessible experimentally.
Calculations of pentaquark decays within chiral soliton models [13] and constituent quark
models [14, 15] already exist. These analyses predate the discovery of the Ξ−− and therefore
use model predictions for the Ξ−− mass which are no longer appropriate. Furthermore, they
only consider either JΠ = 1
2
+
or 1
2
−
. In this paper, we calculate the decays within the model-
independent framework of heavy baryon chiral perturbation theory [16] using experimentally
measured masses. We consider the decays of JΠ = 3
2
±
as well as JΠ = 1
2
±
pentaquarks and
estimate uncertainties due to SU(3) breaking. A few of our results overlap with a recent
analysis of Ξ decays that focuses mostly on pentaquarks with JΠ = 1
2
+
[17]. We show that
measurement of the ratios Γ[Ξ−− → Ξ−π−]/Γ[Ξ−− → Σ−K−] and Γ[Ξ+ → Ξ0π+]/Γ[Ξ+ →
Σ+K
0
] can reliably distinguish between S and P -wave decays of the pentaquark. Since Θ+
only decays to NK the total width can be determined from two-body decays. The Ξ states
are heavy enough to have other decay modes so our calculations of two-body decays only
give a lower limit on the ratio Γ[Ξ]/Γ[Θ+]. Measuring Γ[Ξ−−],Γ[Ξ+] < 10 Γ[Θ+] can rule
2
out JΠ = 3
2
−
and J ≥ 5
2
. We also predict Γ[Ξ−−],Γ[Ξ+] ≥ 4 Γ[Θ+] if JP = 1
2
+
, 3
2
+
while the
lower bounds are smaller for JΠ = 1
2
−
.
The smallest SU(3) representation that can accommodate the Θ+ is the 10. Larger
representations require isospin partners of the Θ+ which have not been observed [4, 7, 18, 19].
There are hints that the Ξ−− is also a member of the 10. The Ξ−− has I3 = −32 and therefore
must have an I3 =
3
2
partner, Ξ+. Preliminary results from Ref. [20] show evidence for the
decay Ξ− → Ξ0(1530)π− but not the decay Ξ+ → Ξ0(1530)π+, where the well established
Ξ0(1530) resonance belongs to a 10 and has JΠ = 3
2
+
. The decays Ξ± → Ξ0(1530)π± are
not allowed if the Ξ± are members of the 10 representation of SU(3) but are allowed for the
8, which contains a Ξ− but not a Ξ+, and larger representations such as the 27 or 35, which
contain both Ξ+ and Ξ−. As pointed out in Ref. [17] the observation of Ξ− → Ξ0(1530)π−
but not Ξ+ → Ξ0(1530)π+ can be understood if the Ξ+, and hence Ξ−−, are members of the
10 and the Ξ− reported in Ref. [20] belongs to a different SU(3) multiplet. For the remainder
of this paper, we will assume that the Θ+ and Ξ−− are members of a 10 multiplet.
Other quantum numbers of the pentaquark such as the spin and parity are unconstrained
by present data. A number of different theoretical interpretations of the pentaquark exist
which give different predictions for these quantum numbers. The chiral soliton model of
Ref. [13] predicted a narrow pentaquark with a mass of 1530 GeV with JΠ = 1
2
+
prior
to the discovery of the Θ+. The same quantum numbers arise in the correlated diquark
model in which the four quarks of the pentaquark are first paired into diquarks and then
placed in an L = 1 partial wave [21]. The conventional quark model can give rise to both
JΠ = 1
2
+
or JΠ = 1
2
−
pentaquarks, depending on whether or not the quarks in the ground
state have orbital angular momentum [14, 15, 22, 23, 24, 25, 26]. Other calculations using
QCD sum rules [27] or the lattice [28, 29] favor negative parity assignments for the lowest
mass pentaquark state. Pentaquarks with JΠ = 3
2
+
have been considered in Ref. [30]. All
hadronic models predict either that JΠ = 1
2
+
or JΠ = 1
2
−
is the lowest mass pentaquark.
Some recent papers have been devoted to the problem of determining the quantum num-
bers of the Θ+ and Ξ−− experimentally. An interesting idea suggested in Ref. [9] is to
study Θ+ production near threshold in polarized proton-proton collisions. At threshold a
positive (negative) parity Θ+ can be produced only by pp in a spin singlet (triplet) state.
This observation relies only on angular momentum and parity conservation and is therefore
independent of any dynamical model of the production mechanism. The idea was further
developed in Ref. [10], where spin asymmetries at and slightly above threshold were calcu-
lated in a model independent fashion. Other proposals for extracting the parity from spin
asymmetries in photoproduction of Θ+ were discussed in Ref. [11]. The calculations of these
papers rely on field theoretic models of the Θ+ production process. Because the energy of the
photon in the lab frame at the Θ+ threshold is 1.8 GeV, the process is beyond the range of
applicability of chiral perturbation theory, so a systematic calculation with controlled errors
is not possible for this process. A model independent analysis of polarized photoproduction
recently appeared in Ref. [12].
Pentaquark decays are a more promising application of chiral perturbation theory. In
the decays, Θ+ → nK+, Ξ−− → Ξ−π− and Ξ−− → Σ−K−, the momenta of the Goldstone
bosons are 270 MeV, 445 MeV and 360 MeV, respectively. SU(3) chiral perturbation theory
is an expansion in Q/Λχ where Λχ ∼ 4πfpi ≈ 1.2 GeV and Q ∼ mpi, mK ∼ p, where p is a
typical momentum for the process under consideration. Therefore, pentaquark decays can
be analyzed perturbatively using chiral perturbation theory. We will analyze the decays of
3
JΠ = 1
2
±
, 3
2
±
pentaquarks using the heavy baryon chiral perturbation theory formalism of
Ref. [16]. The 10 pentaquarks are contained in the completely symmetric tensor field Pijk:
P333 = Θ
+ (2)
P133 =
1√
3
N0
10
P233 =
1√
3
N+
10
P113 =
1√
3
Σ−
10
P123 =
1√
6
Σ0
10
P223 =
1√
3
Σ+
10
P111 = Ξ
−−
10
P112 =
1√
3
Ξ−
10
P122 =
1√
3
Ξ0
10
P222 = Ξ
+
10
.
The subscript 10 on the N,Σ, and Ξ fields serves to distinguish these states from analogous
states in the 8 of SU(3). An octet of SU(3) pentaquarks nearly degenerate with the 10 is
predicted by the diquark model of Ref. [21].
There is a unique SU(3) invariant coupling of the baryon octet, Bil, the Goldstone boson
octet, M jn, and the pentaquark Pijk [31]:
B
i
lM
j
nPijkǫ
lnk =
1√
2
K
0
pΘ+ − 1√
2
K−nΘ+ − 1√
2
π+Ξ
−
Ξ−−
10
+
1√
2
K+Σ
−
Ξ−−
10
(3)
+
1√
6
π−Ξ
−
Ξ0
10
+
1√
3
π0Ξ
0
Ξ0
10
− 1√
6
K+Σ
+
Ξ0
10
− 1√
3
K0Σ
0
Ξ0
10
+ ... .
In our expressions for the Lagrangian the SU(3) indices will be suppressed. The kinetic
terms in the heavy baryon chiral Lagrangian are
Lkin = iB(v ·D)B + f
2
4
∂µΣ∂
µΣ† + L
1
2
±
, 3
2
±
kin , (4)
L
1
2
±
kin = P±(iv ·D −∆)P± , L
3
2
±
kin = P
µ
±(−iv ·D +∆)P±µ ,
where ∆ = mP − mB ∼ 500 MeV is the residual mass term, the JΠ = 12
±
pentaquark
field is P±, the J
Π = 3
2
±
pentaquark field is P µ±, Dµ is the chiral covariant derivative,
Σ = ξ2 = exp(2iM/f) with f = fpi ≈ 93MeV. Since mB ∼ mP ∼ Λχ, it is necessary to
perform a field redefinition on the baryon fields to obtain manifest power counting in the
Lagrangian [16, 32]. The baryon and pentaquark fields then have static propagators and
derivatives acting on the B or P fields bring factors of the residual momentum which is O(Q).
The residual mass is approximately the same size as mK , so it is also O(Q). A relativistic
version of chiral perturbation theory for pentaquark interactions is introduced in Ref. [33].
This paper gives expressions for two-body decay widths of JΠ = 1
2
±
pentaquarks that are
used to normalize calculations of production cross sections. If the relativistic expressions
are used to make predictions for the partial width ratios considered below, the results differ
from the values quoted in the present paper by only 10-15%. This is smaller than the size
of corrections expected from SU(3) breaking.
Next we write down the leading interaction Lagrangians for each of the cases JΠ = 1
2
±
, 3
2
±
.
For JΠ = 3
2
−
, the leading interaction is O(Q2), for all others the leading interaction is O(Q).
In each case there is a unique term. For a JΠ = 1
2
+
pentaquark, the interaction Lagrangian
is
L 12+ = 2g (B SµAµ P+ + h.c.) , (5)
4
where Aµ =
i
2
(ξ∂µξ
† − ξ†∂µξ) = ∂µM/f + ..., and Sµ are the spin operators introduced in
Ref. [16]. The interaction Lagrangian for a JΠ = 1
2
−
pentaquark is
L 12− = g (B v · AP− + h.c.) , (6)
the interaction Lagrangian for JΠ = 3
2
+
is
L 32+ = g (BAµ P µ+ + h.c.) , (7)
and the interaction Lagrangian for JΠ = 3
2
−
is
L 32− = g
Λχ
[
B(iDµAν + iDνAµ)S
νP µ− + h.c.
]
. (8)
The dimensionless coupling constants in each of the interactions are unrelated. Since only
one is relevant for a given JΠ, we will denote all of them by the same symbol g.
The decay rates are given by
Γ(P → BM) = (C.G.)2 g
2
2πf 2
mB
mP


E2p JΠ = 1
2
−
p3 JΠ = 1
2
+
1
3
p3 JΠ = 3
2
+
1
3Λ2
χ
p5 JΠ = 3
2
−
. (9)
The factor C.G. is an SU(3) Clebsch-Gordan coefficient that can be read off by expanding
B
i
lM
j
nPijkǫ
lnk in component fields as shown in Eq. (3). For the Θ+ total width we obtain:
Γ(Θ+) = Γ(Θ+ → nK+) + Γ(Θ+ → pK0) = g2


646MeV JΠ = 1
2
−
146MeV JΠ = 1
2
+
49MeV JΠ = 3
2
+
2.4MeV JΠ = 3
2
−
. (10)
In obtaining these results we have made the replacement f → fK = 1.22fpi since these
decays involve a kaon. The procedure of using fK for decays involving kaons and fpi for
decays with pions is a common practice and we will do this for all calculations in this
paper. This procedure incorporates some known SU(3) breaking effects coming from the
renormalization of the meson decay constants. Since this is not a systematic calculation of
higher order effects, uncertainties in our predictions are still about ∼ 30 %, which is the
typical size of violations of SU(3) symmetry.
Bounds from photoproduction experiments are limited by the detector resolution and
give Γ[Θ+] < 20 − 25 MeV while the DIANA K+Xe experiment places a tighter bound
of Γ[Θ+] < 9 MeV [3]. Indirect bounds coming from the analysis of older Kd and KN
scattering data as well as reanalysis of K+Xe data claim bounds on widths as low as ≈ 1
MeV [34]. The NA49 lower bound on Γ[Ξ−−] is 18 MeV [8]. Explanations for the unusually
narrow widths vary. In the chiral soliton model [13] a cancellation between various coupling
constants accounts for the narrow width. This cancellation is argued to be exact in the
large Nc limit of QCD in Ref. [35]. In the quark model the width can be suppressed if the
wavefunction of the pentaquark is such that the overlap with the ground state baryon and
meson is small [14].
5
Such cancellations are not manifest in the chiral Lagrangian and would appear as a
fine tuning of the coupling constant g. For pentaquarks with JΠ = 1
2
±
, g2 ∼ 10−2 −
10−3 is required to obtain consistency with the most stringent bounds. For comparison, to
reproduce the observed decay rates of the ordinary decuplet baryons the coupling constant
is |g| ≈ 2.1 [32]. For a JΠ = 3
2
−
pentaquark the two-body decay to the ground-state nucleon
and meson could lie within current experimental bounds without fine-tuning g. However,
a JΠ = 3
2
−
Ξ−− pentaquark can decay to Ξ−(1530)π− via an S-wave. This decay violates
SU(3) but not isospin. Though the smaller phase space for this decay and the SU(3)
suppression will make this partial width significantly smaller than the S-wave partial width
in Eq. (10), these factors are probably not enough to account for Γ[Ξ−−] < 18 MeV without
an additional source of suppression.
In the first part of Table I we give the partial widths for the two-body decays of Ξ−− and
Ξ0 normalized to Γ[Θ+]. The decays of the Ξ+ , Ξ− are related to Ξ−−, Ξ0 decays by isospin
factors:
Γ(Ξ+
10
→ Ξ0π+) = Γ(Ξ−−
10
→ Ξ−π−) , (11)
Γ(Ξ+
10
→ Σ+K0) = Γ(Ξ−−
10
→ Σ−K−) ,
Γ(Ξ−
10
→ Ξ−π0) = 2 Γ(Ξ−
10
→ Ξ0π−) = Γ(Ξ0
10
→ Ξ0π0) = 2 Γ(Ξ0
10
→ Ξ−π+) ,
Γ(Ξ−
10
→ Σ0K−) = 2 Γ(Ξ−
10
→ Σ−K0) = Γ(Ξ0
10
→ Σ0K0) = 2 Γ(Ξ0
10
→ Σ+K−) .
We have not calculated rates for the N,Σ members of the 10 because there is no information
about their masses and because the analysis of these decays is complicated by the possibility
of these states mixing with nearby N,Σ states from other SU(3) multiplets. A nearly
degenerate 8 of pentaquarks is predicted in the model of Ref. [17] and mixing with these
states has been further studied in Ref. [36]. The Ξ−
10
and Ξ0
10
will not mix with Ξ−8 and Ξ
0
8
because of isospin conservation. However, the existence of such states will complicate the
comparison of predictions for Ξ−
10
and Ξ0
10
decays with data if it is not possible to separate
Ξ−
10
and Ξ0
10
states from Ξ−8 and Ξ
0
8
states experimentally. If predictions for Ξ−− and Ξ+
decays work but predictions for Ξ− and Ξ0 fail, this could be interpreted as a signal of a
degenerate octet. Mixing with a nearly degenerate octet should not affect SU(3) relations
between Θ+, Ξ−− and Ξ+ decays. The errors quoted in Table I are ±30% which is the
characteristic size of SU(3) corrections.
Calculation of two-body decays can be used to place the lower bounds on the ratio
Γ[Ξ]/Γ[Θ+] which are listed at the bottom of Table I. In the case of JΠ = 3
2
−
the SU(3)
violating S-wave decay to Ξ(1530) could be comparable or even larger than theD-wave decay
we have calculated, so the lower bound on Γ[Ξ]/Γ[Θ+] should be regarded as especially weak.
Similarly, for J > 3
2
(except for JΠ = 5
2
−
) the decay is through partial waves higher than D-
waves and the suppression factor in Eq. (1) gives an even larger lower bound on Γ[Ξ]/Γ[Θ+].
Therefore, if experiments eventually measure Γ[Ξ] < 10 Γ[Θ+], this will rule out JΠ = 3
2
−
and J > 3
2
. The lower bounds for the ratio Γ[Ξ]/Γ[Θ+] can potentially discriminate between
JΠ = 1
2
+
and 1
2
−
as well.
Also shown in Table I are ratios of partial widths of the Ξ states. These are very in-
teresting since they clearly discriminate between the JΠ = 1
2
+
and JΠ = 1
2
−
pentaquarks,
which are the two scenarios considered most likely. It is important to perform an experi-
ment that can reconstruct both two-body decays of the Ξ so uncertainties associated with
the production cross section cancel in the ratio allowing for an accurate measurement of the
6
JΠ
1
2
− 1
2
+
, 3
2
+ 3
2
−
Γ(Ξ−−
10
→Ξ−pi−)
Γ(Θ+) 1.0± 0.3 4.0± 1.2 11. ± 3.
Γ(Ξ−−
10
→Σ−K−)
Γ(Θ+) 0.84 ± 0.25 1.3± 0.4 2.3 ± 0.7
Γ(Ξ0
10
→Ξ−pi+)
Γ(Θ+) 0.33 ± 0.10 1.3± 0.4 3.7 ± 1.1
Γ(Ξ0
10
→Σ+K−)
Γ(Θ+) 0.29 ± 0.09 0.46± 0.14 0.88 ± 0.26
Γ(Ξ0
10
→Ξ0pi0)
Γ(Θ+)
0.68 ± 0.20 2.8± 0.8 7.9 ± 2.4
Γ(Ξ0
10
→Σ0K0)
Γ(Θ+)
0.56 ± 0.17 0.86± 0.26 1.6 ± 0.5
Γ(Ξ−−
10
→Ξ−pi−)
Γ(Ξ−−
10
→Σ−K−) 1.2± 0.4 3.1± 0.9 4.7 ± 1.4
Γ(Ξ0
10
→Ξ−pi+)
Γ(Ξ0
10
→Σ+K−) 1.1± 0.3 2.9± 0.9 4.2 ± 1.3
Γ(Ξ−−)
Γ(Θ+) > 1.8± 0.5 > 5.3± 1.6 > 14. ± 4.
TABLE I: Partial widths and branching ratios for Ξ−−
10
,Ξ0
10
.
branching fractions. The NA49 experiment observes Ξ−− → Ξ−π− but unfortunately can
not observe Ξ−− → Σ−K− because it lacks neutral particle detection to reconstruct the Σ−
which decays to nK−. A similar high energy experiment with neutron detection capabilities
may be able to perform such a measurement. Alternatively, in an experiment with photon
detection capabilities, Ξ+ could be reconstructed through the decays [37]:
Ξ+ → Ξ0π+ → Λπ0π+ → pπ−γγπ+ ,
→ Σ+K0 → pπ0π+π− → pγγπ+π− .
In photoproduction, one might hope to produce Ξ−− through the processes γn →
Ξ−−K+K+ [37]. In this experiment, the decay chain Ξ−− → Σ−K− → nπ−K− leaves
only a single neutral particle in the final state, and since the process is exclusive the n
could be reconstructed from the missing energy and momentum. We hope that this work
motivates experimental measurement of exotic Ξ branching fractions.
Finally, we mention other possible applications of the chiral Lagrangian introduced in this
letter. One possible application is computing nonanalytic chiral corrections to pentaquark
masses. It would also be of great interest to make reliable predictions for pentaquark produc-
tion cross sections. Unfortunately, photoproduction of Θ+ occurs at such a high energy that
7
the derivative expansion of chiral perturbation theory is no longer a controlled expansion.
The other important production mechanism by which the Θ+ is observed is the resonant
reaction K+n → Θ+ → K0p. Adapting chiral perturbation theory to resonant scattering
is a straightforward application of the methods of Ref. [38]. The standard expressions for
a resonant cross section will be recovered, along with nonresonant corrections coming from
contact interactions involving two kaons and two nucleons. The leading contact interaction
comes from the chiral covariant derivative in Eq. (4); this gives a vanishing contribution to
the I = 0 channel where the Θ+ appears. Therefore, higher dimension operators with two
powers of Aµ and two B fields which are O(Q
2) constitute the leading nonresonant con-
tribution to KN scattering. Since resonant scattering occurs at O(Q−1), the nonresonant
contributions are O(Q3/Λ3χ) suppressed in chiral perturbation theory.
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